-P. LATGÉ . 1999. Physicochemical properties of Aspergillus conidia rely on their outer cell-wall rodlet layer. In A. fumigatus and A. nidulans, the rodlet structure is due to an hydrophobin encoded by homologous rodA genes. To evaluate the role of the rodlet structure on the physicochemical properties of conidia, we compared hydrophobicity, Lewis acid-base (i.e. electron donor/acceptor) characteristics and electrostatic charge of hydrophobin-less (rodletless) mutant and wild-type conidia of A. fumigatus and A. nidulans. The results obtained by aqueous-solvent partitioning assays, microsphere adhesion assays and microelectrophoresis showed that the disruption of the rodA gene modifies surface properties of A. fumigatus and A. nidulans conidia, and confirmed that the rodlet layer plays a key role in their physico-chemical behaviour. The absence of this layer on A. fumigatus spores led to the appearance of weakly basic and acidic characteristics, and had a slight effect on the hydrophobicity of conidia. Whereas in A. nidulans, it induced a basic character, a marked decrease in hydrophobicity and in the polarization capacity (electronegativity) of conidia. These physico-chemical differences between A. fumigatus and A. nidulans rodletless conidia may be attributed to differences in the composition of the conidial outer cell-wall of the two species.
INTRODUCTION
Aspergillus species are medical and food important fungi (Samson and van Reenen-Hoekstra 1988 ; Van den Bossche et al. 1988) . The initial adhesion of their conidia to surfaces plays a crucial role in their colonization capacity. The primary events of the adhesion process are thought to be non-specific and rely on physicochemical properties (i.e. hydrophobicity, Lewis acid-base properties and electrostatic charge) of the fungal spores and of the substrate surfaces (Jones 1994) . In particular many reports indicate that hydrophobicity of fungal spores contributes greatly to their adhesion to hydrophobic surfaces (Terhune and Hoch 1993; Clement et al. 1994; Kuo and Hoch 1996) .
The rodlet structure of the Aspergillus conidia is due to a small hydrophobic protein, the hydrophobin RodA, which is encoded by highly homologous rodA genes (Parta et al. 1994; Thau et al. 1994) . Disruption of the gene encoding this hydrophobin results in rodletless conidia that are more easily wetted than spores from wild-type strains (Stringer et al. 1991; Parta et al. 1994; Thau et al. 1994) . In order to understand better the real implication of the rodlet layer on physicochemical properties of Aspergillus conidia, and consequently on their adhesion capacity, we studied the hydrophobicity, Lewis acid-base properties and electrostatic charge of A. fumigatus and A. nidulans conidia with and without rodlets. We therefore compared rodA mutant and wild-type conidia of A. fumigatus and A. nidulans on the basis of their adhesion to latex beads and to different solvents in an aqueous partitioning assay, and their mobility in microelectrophoresis.
MATERIALS AND METHODS

Fungal strains and cultures
The mutant and wild-type strains of A. nidulans and A. fumigatus used in this study were: A. nidulans wild-type A 116 (Fungal Genetics Stock Center, Kansas City, USA) and TMS 015 rodA mutant (Stringer et al. 1991) , and A. fumigatus wild-type G10 (Monod et al. 1993) and DR47 rodA mutant (Thau et al. 1994) .
For conidial preparations, strains of A. nidulans and A. fumigatus were grown in 140-mm diameter Petri dishes on agar-solidified complete medium (Cove 1966) and 2% (w/w) malt extract agar, respectively, and both incubated for 1 week at 25°C. Conidia were harvested by scraping the surface of sporulated cultures in distilled water. Conidial suspensions were filtered through gauze cloth to remove mycelium fragments and large clumps of spores. Before being used for physicochemical assays, conidia were washed twice in the assay buffer.
Microbial adhesion to solvents
Hydrophobic and Lewis acid-base properties of the conidia were assessed by aqueous-solvent partitioning assays, using the Microbial Adhesion To Solvents (MATS) method (Bellon-Fontaine et al. 1996) . Briefly, 2 ml of conidial suspension in 0·1 mol/l KNO 3 (from 2 to 7·10 6 conidia ml −1 ) were vortexed vigorously with 0·4 ml of solvent for 2 min. After separation of the two phases an aliquot of the aqueous phase was collected, and the number of conidia in the aqueous phase was determined using a haemocytometer. The percentage of bound conidia to solvent was calculated as follows: % adhesion to solvent (1-N/N 0 ) × 100 where N 0 is the initial number of conidia in the aqueous phase and N is the residual number of conidia in the aqueous phase after partitioning. Preliminary assays have shown that the different solvents did not alter the viability of the conidia. Four pure solvents (Sigma) were used in this study: hexadecane (HD), decane (D), ethyl acetate (EA) and chloroform (C).
Microsphere adhesion assay
The microsphere adhesion assay was performed as described previously by Hazen and Hazen (1987) using 0·6 mm latex particles (Serva Standard Dow Latex, Bioproducts, Heidelberg, Germany). Conidia (1·10 8 ml −1 ) were resuspended in 0·1 mol/l KNO 3 solution (pH 6·5) to avoid putative electrostatic repulsion between negatively charged conidia and polystyrene microspheres. Conidial suspensions were mixed with an equal volume of microspheres (approximately 2·10 9 ml −1 ) suspended in the same solution. Preliminary assays have shown that the optimal microspheres/conidia ratio was 20/1. The number of microspheres per conidium was counted under light microscopy. Three replicates of the experiment were performed accounting for a total of 175 conidia for A. fumigatus rodA, 190 for A. fumigatus wild-type, 100 for A. nidulans rodA and 100 for A. nidulans wild-type.
Electrophoretic mobility
The electrophoretic mobility (EM) of Aspergillus conidia was measured by microelectrophoresis under an electric field of 100 V (James 1991) using a laser zetaphoremeter (Zetaphoremeter II model Z3000, Sephy, Limours, France). The conidia were suspended in 0·001 mol/l KNO 3 (about 10 6 cells per ml) and the pH was adjusted with HNO 3 solutions. Electrophoretic mobilities were estimated by image analysis of video-captured images using the Zetawin software (Sephy, France). Each EM value corresponded to the mean of 50-300 measures per pH and per spore batch. Three to five spore batches per strain were tested.
Statistical analysis
Variance analysis was used to compare electrophoretic mobilities (EM) in a randomized block with all the pH values arranged as a compact variable (degree of freedom of the error [df] was 63). Orthogonal linear contrast were used for pairwise comparisons between wild-type and rodA strains of each Aspergillus species (Steel and Toire 1980) . Data expressed as percentage in the MATS method were transformed to arc sin square root of percentage of conidia bound to solvent (as defined above). Analysis of the data was performed using three-way ANOVA analysis. The three independent variables were fungal species (df 1), presence or absence of rodlets (df 2) and solvent (df 3) (decane, hexadecane, ethyl acetate and chloroform). The total df was 95. Significance of the results was estimated using the F-test with a P ³ 0·05. A posteriori tests on means of the main effect used the pairwise group comparison by the Tukey-Kramer test or were estimated after decomposition of the orthogonal linear contrasts (Steel and Toire 1980) .
Comparison of the number of beads per conidium was performed by Student's t-test (P ³ 0·05), after verifying that the number of microspheres per spore followed a normal distribution (Kramer 1956 ).
All calculations were made using the Statview and Supernova programs (Abacus Concepts, Berkeley, CA, USA). Figure 1 represents the pH-dependent electrophoretic mobilities (EM) of A. fumigatus and A. nidulans conidia. For all the strains tested, EM of conidia increased progressively from negative towards positive values as the pH of the solution acidified. Different patterns were obtained for A. fumigatus and A. nidulans: A. fumigatus conidia were negatively charged until the pH reached a value of 3·5 (i.e. isoelectric point) and became positively charged below this value. In contrast, A. nidulans conidia remained negatively charged until they reached their isoelectric point at pH 2·0.
RESULTS
Electrostatic properties
In A. fumigatus, the rodletless mutant conidia had the same EMs than the wild-type at all pH tested. In contrast, the EM profile of the rodletless conidia of A. nidulans was significantly different to that of the wild-type (F-value 10·3, P 0·003). As the pH values moved from the isoelectric point (pH 2·0) to a basic pH, the rodletless conidia became less negatively charged than the wild-type, suggesting that A. nidulans mutant conidia had a reduced polarization capacity in basic solutions. The comparison of the EM profiles between rodletless and wild-type strains in both species showed that the disruption of the rodA gene affected differently the electrostatic behaviour of their conidia.
Hydrophobicity and Lewis acid-base properties
Assays were performed in high ionic strength solution (0·1 mol/l KNO 3 ) to minimize electrostatic interactions between conidia and solvents. The two apolar solvents HD and D were used to estimate the hydrophobicity properties of the conidia, while the two monopolar solvents C and EA were selected for the estimation of the Lewis acid/base (i.e. electron donor/acceptor) character. To measure basic charac-teristics of conidia, adhesion to the monopolar acidic C and to the apolar HD were compared (Bellon-Fontaine et al. 1996) . Similarly, the acidic characteristics of conidia were evaluated by comparing adhesion of conidia to the monopolar basic EA and to the apolar D solvent.
Wild-type conidia of A. fumigatus and A. nidulans strongly bound to all four of the tested solvents (% of adhesion ×87%, Fig. 2) . The very high adhesion of the wild-type conidia to the apolar solvents D and HD demonstrated that wild-type conidia of A. fumigatus and A. nidulans exhibited high hydrophobic properties. In contrast, the conidia of the rodA mutant bound significantly less to D and HD than wild-type conidia in both species, showing that rodA conidia are less hydrophobic than wild-type ones (F 101, P ³ 0·001 for A. fumigatus and F 377, P ³ 0·001 for A. nidulans). Nevertheless, the decrease in adhesion to these two solvents was less marked in A. fumigatus than in A. nidulans, suggesting that the removal of the rodlet layer altered hydrophobicity of the A. fumigatus conidia less than of A. nidulans conidia (F 33·5, P ³ 0·001).
For both species, rodA conidia adhered significantly more to the acidic C solvent than to HD (F 141, P ³ 0·001 for A. fumigatus and F 226, P ³ 0·001 for A. nidulans), showing that the rodletless conidia exhibit basic characteristics. Moreover rodA disruption seemed to unmask acidic groups on the surface of A. fumigatus conidia as binding of rodA conidia to EA was significantly higher than binding to D (F 32, P ³ 0·001). Conversely, in A. nidulans no significant difference in the adhesion of rodletless conidia to EA and D was observed, suggesting that no acid characteristics were unmasked by rodA disruption.
In conclusion, the absence of the rodlet layer affected the physicochemical properties of A. fumigatus and A. nidulans conidia in different ways: with the appearance of a slightly reduced hydrophobicity and of basic and acidic characters for A. fumigatus conidia, and a high decrease of conidial hydrophobicity and basic properties for A. nidulans conidia.
Adhesion of polystyrene microspheres
The marked decrease of hydrophobicity of A. nidulans rodletless conidia observed above was confirmed by the latex microsphere adhesion test (Fig. 3) . Indeed, rodA conidia of A. nidulans bound a lower number of microspheres per conidium than those of the wild-type strain (t 4·3 for df of 198, P ³ 0·001). In contrast, the number of microspheres adhering onto a conidium was the same for wild-type and rodA conidia of A. fumigatus (t 0·72 for df of 363, P 0·47). This result was in agreement with the MATS assay that showed a lower overall reduction of hydrophobicity in A. fumigatus rodletless conidia compared to those of A. nidulans.
DISCUSSION
Previous studies on rodletless strains of A. fumigatus and A. nidulans have shown that the absence of the rodlet layer reduced the surface hydrophobicity of their conidia (Stringer et al. 1991; Parta et al. 1994; Thau et al. 1994) . They based their results on the observation of a water droplet placed on sporulating cultures: when the droplet remained spherical on the culture, the conidia were considered to be hydrophobic and, on the contrary, when the drop spread over the culture the conidia were assumed to be hydrophilic. This visual method was not able to detect differences in levels of hydro- phobicity between A. fumigatus and A. nidulans rodletless conidia.
Using the MATS aqueous partitioning method, we showed that the decrease in surface hydrophobicity of rodletless conidia was more marked in A. nidulans than in A. fumigatus, and in both species it was associated mainly with the appearance of basic properties. The micro-electrophoresis and the microsphere adhesion assays confirmed that the disruption of the rodA gene more strongly affected A. nidulans conidia than those of A. fumigatus. In particular, differences in microsphere-binding capacity and in electrophoretic mobility between rodA and wild-type conidia could only be detected in A. nidulans. These physicochemical differences between the rodA mutant of the two species is most probably not attributed to differences in the nature of the RodA protein itself since A. fumigatus and A. nidulans RodA proteins are very similar and the A. fumigatus rodA gene can complement the disruption of the rodA gene in A. nidulans (Parta et al. 1994) .
Other molecules than hydrophobins are an integral part of the surface layer of fungal spores (Beever et al. 1979; Cole et al. 1979; Tronchin et al. 1997) and can therefore play a role in physicochemical properties of the spores. For instance, the conidial outer cell-wall of fungal species contains lipids which could contribute to their surface hydrophobicity (Cole et al. 1979; Latgé et al. 1988) . Glycoproteins such as adhesins are distributed over the surface of the rodlet layer of Aspergillus conidia (Tronchin et al. 1997) . Differences in the composition and/or in the nature of these molecules unmasked by the disruption of the rodA gene may explain the different phy-sicochemical characters of the rodletless conidia of A. nidulans and A. fumigatus and the relatively high residual hydrophobicity of A. fumigatus rodletless conidia.
